ment. CPP was significantly associated with a higher ACR in fully adjusted models (β (95% CI) = 0.14 (0.03, 0.24) ln mg/g per SD). Higher CFPWV was associated with lower eGFR and higher ACR in unadjusted analyses but not after adjustment. Conclusion: Greater aortic stiffness may be associated with modestly higher levels of albuminuria in the elderly. The association between aortic stiffness and lower eGFR may be confounded by age and CVD risk factors.
Introduction
Chronic kidney disease (CKD) is a major public health concern that accounts for a large proportion of health care costs in the growing older segment of the population of western countries [1] [2] [3] [4] . Despite the high prevalence of CKD in older adults, factors contributing to decline of kidney function with age are incompletely understood, and therapies for treatment or prevention are limited. A component of age-related changes in kidney structure and function may be caused by vascular disease [5] [6] [7] [8] . Aortic stiffness, a structural and functional change in the central vasculature, has been shown to increase with age and this results in the transmission of higher pressure and flow pulsatility into the peripheral microvasculature [9] [10] [11] [12] . The kidney is a high-flow and low-impedance organ, making it particularly vulnerable to hemodynamic changes in the central vasculature [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Hence, aortic stiffness may contribute to the pathophysiology of CKD in older individuals and may represent a target for interventions.
Increased aortic stiffness has been associated with kidney impairment and progression of CKD in prior studies. However, most previous studies that have been carried out in relatively small and highly selected samples, are not representative of the general elderly population, or did not use state-of-the-art measures of aortic stiffness and kidney function [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The Age Gene/Environment Susceptibility-Reykjavik Study (AGES-RS) is a population-based prospective cohort study in Iceland initially designed to explore cardiovascular disease (CVD) risk factors. In this study, we examined the link between kidney function and aortic stiffness in a large communitybased sample of older adults. We hypothesized that increased aortic stiffness would be associated with measures of CKD.
Subjects and Methods

Study Population
We utilized data from a substudy of the AGES-RS. Details of the study sample are provided elsewhere [30] . The Reykjavik Study was started in 1967 as a population-based prospective cohort study to examine cardiovascular risk factors and outcomes. People born between 1907 and 1935 and living in Reykjavik in 1967 were eligible for inclusion in the Reykjavik Study; a random sampling of the population yielded 30,795 participants. The AGES-RS began in 2002 as a follow-up to the Reykjavik Study to examine risk factors, genetic components, and gene-environment interactions for multiple diseases in older adults. The 5,764 participants in AGES-RS were randomly selected from the 11,549 survivors from the original Reykjavik Study participants. Of those 5,764 participants in AGES-RS-I, aortic tonometry had been performed in 1,082 people and so they were eligible for this study. Of those with tonometry performed, 940 had complete tonometry data and were included in this analysis (online suppl. fig. 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000431332).
Aortic Stiffness Measures
Participants were studied in the supine position after 10 min of rest. Auscultatory blood pressure was obtained using a semi-automated computer-controlled device. Arterial tonometry and simultaneous electrocardiography (ECG) were obtained from the brachial, radial, femoral, and carotid arteries using a custom transducer. Body surface measurements were assessed from suprasternal notch to brachial, radial, femoral, and carotid recording sites. All data were digitized during the primary acquisition (ECG and tonometry pressures at 1,000 Hz and audio at 12 kHz), and transferred to the core laboratory (Cardiovascular Engineering, Inc., Norwood, Mass., USA) for analysis by trained analysts who were blinded to clinical characteristics of the participants. Tonometry waveforms were signal-averaged with the ECG used as a fiducial point. Blood pressures were over-read in the core laboratory. Systolic and diastolic cuff pressures were used to calibrate the peak and trough of the signal-averaged brachial pressure waveform. Diastolic and integrated mean brachial pressures were used to calibrate carotid pressure tracings [31] . Carotid-femoral pulse wave velocity (CFPWV) was calculated from tonometry waveforms, and body surface measurements were corrected for parallel transmission as described previously [12] . CFPWV and carotid pulse pressure (CPP) were used as the primary measures because they are the most robust and reproducible measurements and have been associated with increased risk of cardiovascular events and decreased survival in ESRD [32] [33] [34] [35] [36] [37] [38] [39] [40] .
Kidney Measures
Estimated glomerular filtration rate (eGFR) was calculated using the CKD-EPI 2012 equation based on the combination of serum creatinine and cystatin C [41] . This eGFR equation was used rather than equations based on creatinine or cystatin C alone because the combination has been shown to provide a more accurate and precise estimate of measured GFR [41] [42] [43] [44] . Serum creatinine assays were performed at the Icelandic Heart Association using the Roche-Hitachi P-module instrument with Creatininase Plus assay (CV 2.3%) and calibrated to isotope dilution mass spectrometry reference materials at the University of Minnesota. Serum cystatin C assays were performed at the University of Minnesota using a particle-enhanced immune-nephelometric assay (PENIA, CV 2.7%) and standardized to International Federation for Clinical Chemists reference materials [45] .
Albuminuria was assessed from a spot urine albumin-creatinine ratio (ACR) [46, 47] . Urine albumin and creatinine assays were performed at the Icelandic Heart Association using Tinaquant immunoturbimetric assay and HiCo Creatinine Jaffe method assay, respectively (CVs 7.2 and 4.2%, respectively), and calibrated to reference materials at the University of Minnesota.
CKD was defined as eGFR <60 ml/min/1.73 m 2 or ACR >30 mg/g. GFR <30 ml/min/1.73 m 2 and ACR >300 mg/g were considered severe abnormalities.
Covariate Definitions
Hypertension was self-reported, defined as responding 'yes' to the question 'Has a doctor or a health provider ever told you that you had high blood pressure or hypertension?' Diabetes was defined by self-report, fasting glucose, or medication use. Hyperlipidemia was defined as being on treatment for high cholesterol. Coronary artery disease (CAD) was defined by ICD codes for myocardial infarction and its sequelae, ischemic heart disease, coronary aneurysm or dissection, and atherosclerosis.
Statistical Analysis
Data was summarized with descriptive statistics including means, standard deviations (SD), ranges, p values, and 95% confidence intervals (CI). Albuminuria was described with median and interquartile ranges. Due to skewed data, albuminuria and CFPWV were expressed using the natural logarithm and negative inverse transformations, respectively. Associations were analyzed by stan-dard deviation of the independent variables, inverse CFPWV (iCFPWV) and CPP.
Graphical modeling (scatter plots) was used to assess crude associations. The association between kidney measures and aortic stiffness was examined using linear regression, with assessment for non-linear relationships. Based on graphical modeling, the relationship between eGFR and CPP appeared to be nonlinear with an apparent threshold at 85 mm Hg. A piecewise model with a threshold at 85 mm Hg of CPP was found to be a better fit by ANOVA and likelihood ratio tests when compared to linear or spline models and, therefore, was used for subsequent models (online suppl. table 1). Bivariate models were performed and covariates with p value of less than 0.2 were eligible for a multivariable model in addition to covariates stated a priori. Sequential sets of multivariable models were created to explore the impact of demographic parameters (age, sex, heart rate, height) and CVD risk factors (hemoglobin A1c, C-reactive protein, high-density lipoprotein cholesterol, mean arterial blood pressure) on the associations. Heart rate and height were included in these models, as they influence the tonometry protocol. Various blood pressure measurements were explored, including systolic blood pressure (SBP), diastolic blood pressure (DBP), peripheral pulse pressure (PPP), and mean arterial pressure (MAP). MAP was used in the final models to reduce issues of colinearity. We preferred the use of continuous covariates in the multivariable models to avoid underestimation of confounding variables. We did sensitivity analyses examining the impact of additional clinical variables on model results. A p value <0.05 was considered statistically significant. Statistical analyses were done in R version 3.1.0 [48] .
Ethics AGES-RS was approved by the National Bioethics Committee in Iceland (VSN-00-063) and by the National Institute on Aging Intramural Institutional Review Board. Our investigation of aortic stiffness, kidney function, and aging in the AGES-RS cohort was approved by the Institutional Review Board of Tufts Medical Center (IRB #9222). All participants gave written informed consent.
Results
Description of the Sample
This older population (range 69-96 years) had a high prevalence of hypertension and low prevalence of diabetes ( table 1 ) . eGFR was lower and ACR was higher in older participants. A total of 28.3% had eGFR <60 ml/ min/1.73 m 2 , 8.0% had ACR >30 mg/g, and 32.0% had CKD. The prevalence of CKD was significantly higher in older age categories. Only 1.8% of participants had eGFR <30 ml/min/1.73 m 2 and less than 1% had ACR >300 mg/g. eGFR and ACR were weakly correlated (r = -0.22).
Mean (SD) CFPWV was 12.9 (4.2) m/s and mean (SD) CPP was 69 (21) mm Hg (online suppl. fig. 2 ). Both measures of aortic stiffness were higher in older participants ( table 1 and online suppl. fig. 3 ). CPP was highly correlated with SBP and PPP (r = 0.83 and r = 0.93, respectively), but had a weaker correlation with MAP and no correlation with DBP (r = 0.53 and r = -0.07, respectively) (online suppl. table 2). CFPWV was more weakly correlated with peripheral blood pressure measurements (r = 0.40, r = 0.21, r = 0.36, and r = 0.32 for SBP, DBP, MAP, and PPP, respectively). CFPWV and CPP were not strongly correlated with each other (r = 0.29).
Association of Aortic Stiffness with eGFR
There was wide variability in the relationships between aortic stiffness measures and eGFR, with an apparent non-linear relationship for CPP and linear relationship with CFPWV ( fig. 1 ). For CPP less than or equal to 85 mm Hg (79% of the sample), there was no association of CPP and eGFR in both unadjusted and adjusted models. Conversely, for CPP greater than 85 mm Hg (21% of the sample), a higher CPP was associated with a lower eGFR in the unadjusted model ( fig. 1 and table 2 ). The association was attenuated after adjusting for age and further diminished after adjustments for CVD risk factors and ACR were made. Although higher CFPWV was associated with lower eGFR in the unadjusted model, this association was attenuated after adjustment. There was no interaction between iCFPWV or CPP and age (p = 0.61 and p = 0.24, respectively). In sensitivity analyses, relationships were slightly stronger with eGFR based on serum creatinine than on serum cystatin C alone and intermediate with eGFR based on both filtration markers (online suppl. table 3).
Association of Aortic Stiffness with Urine ACR
There was a wide variability in the relationships between aortic stiffness measures and ACR, with an apparent linear relationship for both CPP and CFPWV ( fig. 1 ). Higher CPP was associated with higher levels of albuminuria in the unadjusted model and the association remained significant even in the fully adjusted model (a 14% higher ACR per SD higher CPP) ( table 3 ). A higher CFPWV was associated with higher levels of albuminuria in the unadjusted model, but the association was attenuated after adjustment.
Sensitivity Analyses
There were no substantive differences in effect sizes for the associations of CPP or CFPWV and eGFR when smoking status, diabetic status, statin use, treatment for hypertension, or different cholesterol measures were included in multivariable models (online suppl. 
Discussion
CKD affects a large segment of the aging population, but the causes remain poorly defined. The transmission of higher pressure and flow pulsatility into the kidney microvasculature due to increased aortic stiffness is a potential mechanism of disease. In a population-based study of 940 older adults, we found a prevalence of CKD of 32% and a broad range of values of CFPWV and CPP. We found that CPP was more strongly related to kidney disease measures than CFPWV, but both measures were attenuated after adjustments for age and CVD risk factors. A higher CPP was associated with modestly higher levels of albuminuria after adjustments, suggesting that aortic stiffness may play a role in the development of kidney disease.
The ranges of CFPWV and CPP seen in our study were similar to those seen in other older populations [24, 49] .
The average values in our study were higher than those seen in younger cohorts from both the general population, such as the Framingham Study which used the same protocol and equipment, as well as CKD populations, such as the Chronic Renal Insufficiency Cohort Study [18, 21] . The observed measures for aortic stiffness in our For descriptive purposes, age categories are uniform (4 years) except the oldest category. LDL = Low-density lipoprotein; HDL = high-density lipoprotein; eGFRcr-cys = estimated glomerular filtration rate based on creatinine and cystatin C.
Michener et al. population included values that have previously been associated with increased risk of cardiovascular events [32] . However, the strength of the association of the aortic stiffness and cardiovascular events may attenuate with age [50] . Although CFPWV and CPP are both used as measures of aortic stiffness, we found these parameters to have different relationships to the kidney disease measures, especially ACR. CFPWV is computed based on the distance from the carotid to femoral sites over transit time between the end of diastole at the two sites; it is primarily affected by the blood vessel wall properties, such as thickness and elasticity [39] . These changes in wall properties can lead to loss of impedance mismatch between the central and peripheral vasculature, resulting in increased transmission of pulsatility into the peripheral arterial beds, such as the kidneys. Although we did not observe this relationship in our study, the higher pressure and flow pulsatility in the kidney are hypothesized to produce vasoconstriction and reduced GFR. On the other hand, CPP is affected by cardiac function, pulsatility of blood flow, and the interaction between aortic stiffness and aortic diameter [51] . Excessive pressure pulsatility associated with increased CPP may damage the endothelium of the glomerular capillaries, potentially contributing to albuminuria [9] . The majority of previous studies examining aortic stiffness and albuminuria have used CFPWV or PWV at other sites, such as aortic or brachial-femoral, as the measure of aortic stiffness.
We found no evidence for a relationship between eGFR and either measure of aortic stiffness. The narrow confidence intervals for the relationship of eGFR with iCFPWV (-1.46 to +0.87 ml/min/1.73 m 2 per SD of iCFPWV) and CPP (-6.23 to +0.79 ml/min/1.73 m 2 per SD of CPP) make it unlikely that there is a clinically meaningful association in our study population. However, our study population might not have been optimal to detect the associations. Due to the age of our participants, those who had died prior to the AGES-RS-I visit or those who had declined participation may have been more likely to have higher aortic stiffness or lower kidney function, resulting in the underestimation of the true relationship. This type of informative censoring would bias our findings toward the null hypothesis. Although our measures of aortic stiffness and kidney disease are based on state of-the-art technology, they may be imprecise, presenting another possible source of bias toward the null hypothesis. For example, eGFR is known to provide an imprecise estimate of measured GFR, due to non-GFR determinants of circulating levels of creatinine and cystatin C, with eGFR based on both creatinine and cystatin C to be more precise than either of them alone [52] . Our colleagues found a significant relationship between measured GFR and CFPWV in a selected cohort from a later visit of the AGES study [29] . The differences in the relationship of aortic stiffness to measured and eGFR serve to highlight potential limitations of eGFR for these analyses, a finding that has been shown in previous studies [53] . Effect sizes and confidence intervals are expressed per SD of the independent variable, iCFPWV or ACR. ln ACR = Natural logarithm of urine ACR ratio; iCFPWV = inverse carotid femoral pulse wave velocity; HDL = high-density lipoprotein; HgbA1c = hemoglobin A1c; CRP = C-reactive protein; eGFR = estimated glomerular filtration rate based on creatinine and cystatin C.
a ACR modeled as natural logarithm, CFPWV modeled as negative inverse.
Michener et al. The observed absence of a strong relationship between eGFR and aortic stiffness is consistent with findings from two other population-based studies with both cross-sectional and longitudinal components, the Health ABC and Framingham Heart Studies [20, 21] . However, other studies in the general population as well as CKD cohorts found significant associations between aortic stiffness and lower eGFR in cross-sectional and longitudinal studies [18, 20, 22, 23, 26] , even after adjustment for age, blood pressure, and CVD risk factors. These associations were often seen in younger populations, minimizing the potential effect of survivor bias affecting our population.
We did find a significant association between aortic stiffness measured with CPP, but not CFPWV, and albuminuria, even after adjustment for age, sex, MAP, and other CVD risk factors. Our observed relationship with CPP and albuminuria, but not eGFR, may be due to the different mechanisms leading to increased albuminuria vs. lower eGFR. However, the strength of the association of CPP with albuminuria was modest (a 14% higher ACR per SD higher CPP). The effect of a higher CPP on the development of kidney disease (ACR >30 mg/g) and its progression needs to be further explored with longitudinal follow-up. Meanwhile, the narrow confidence intervals for the relationship of ACR to CFPWV (-0.09 to 0.11 mg/g per SD of CFPWV) suggest that it is highly unlikely that there is a clinically meaningful association in the participants of our study.
Our finding of the association of CPP and albuminuria is consistent with the Framingham Heart Study in which CPP and CFPWV at baseline were associated with baseline albuminuria in cross-sectional analyses and incident albuminuria during longitudinal follow-up in age-and gender-adjusted models. However, the longitudinal association was attenuated and became nonsignificant after adjustment for baseline blood pressure and other CVD risk factors [21] . However, other studies have shown significant relationships between CFPWV and albuminuria [54] [55] [56] [57] [58] [59] [60] . The largest of the prior studies, CRIC and the Renal Risk in Derby studies, were crosssectional analyses of patients with CKD and may represent changes already present in those with reduced kidney function [54, 56] .
The associations of measures of aortic stiffness and kidney disease measures in our study are significantly confounded by age. We observed strong relationships between age and measures of aortic stiffness and kidney disease. Aging is associated with decreased elasticity, decreased compliance, and increased vessel wall thickness, potentially resulting in both aortic stiffness and reduced GFR and albuminuria [5, 6, [8] [9] [10] [11] [12] . Because there are numerous changes that occur with age, many of which may be unmeasured, and because age precedes our outcomes of interest, it was found that age introduces confounding by baseline conditions as well as potential mechanisms along the causal pathway. Unfortunately, it is impossible to clarify these complicated relationships with the crosssectional design of our study.
Our study had several strengths. First, the study design is a population-based cohort that is representative of the Icelandic population at large. Second, the relatively large sample size provides sufficient power to examine even modest associations. The aortic tonometry protocol, including CFPWV and CPP, is highly standardized and has high correlation coefficients for reproducibility [9] . Additionally, the ascertainment of kidney disease included both ACR, a measure of kidney damage, as well as eGFR based on the combination of creatinine and cystatin C, which has been shown to be more accurate and precise compared to either of them alone as a measure of kidney function.
Our study also had several limitations. First, the population of Iceland is Caucasian; therefore, our findings cannot be applied to other races or ethnicities. However, the homogeneity of the population may allow a more accurate assessment of the true relationship between aortic stiffness and kidney disease. Survivor bias and regression dilution are introduced with the older age of the study population. Additionally, we have used eGFR instead of measured GFR as the primary measure for kidney function. Although measured GFR would provide the true quantification of kidney function, the eGFR is used more often in the clinical setting and is more practical. Lastly, this is a cross-sectional study and the direction of causality cannot be determined. Previous studies have suggested that baseline aortic stiffness is associated with subsequent changes in kidney function, although the relationship could be bidirectional [23] . The longitudinal nature of these associations should be more thoroughly explored to make any causal inferences.
In conclusion, aortic stiffness measured with CPP was related to albuminuria in a representative elderly Icelandic population; higher CPP was associated with higher levels of albuminuria, independent of age and CVD risk factors. CPP was not independently associated with lower eGFR. In contrast to previous literature, CFPWV was not associated with higher albuminuria or lower eGFR. However, the association of aortic stiffness to eGFR may be confounded by age and CVD risk factors, making it difficult to delineate the mechanisms of disease. Future
